Short-and long-term exposure to mild stress conditions can activate stress adaptation mechanisms in pathogens, resulting in a protective effect toward otherwise lethal stresses. The mesophilic strains Bacillus cereus ATCC 14579 and ATCC 10987 and the psychrotolerant strain B. weihenstephanensis KBAB4 were cultured at 12°C and 30°C until the exponential growth phase (i) in the absence of salt, (ii) in the presence of salt, and (iii) with salt shock after they reached the exponential growth phase and subsequently heat inactivated. Both the first-order model and the Weibull model were fitted to the inactivation kinetics, and statistical indices were calculated to select for each condition the most appropriate model to describe the inactivation data. The third-decimal reduction times (which reflected the times needed to reduce the initial number of microorganisms by three decimal powers) were determined for quantitative comparison. The heat resistance of both mesophilic strains increased when cells were salt cultured and salt shocked at 30°C, whereas these salt-induced effects were not significant for the psychrotolerant strain. In contrast, only the psychrotolerant strain showed salt-induced heat resistance when cells were cultured at 12°C. Therefore, culturing temperature and strain diversity are important aspects to address when adaptive stress responses are quantified. The activated adaptive stress response had an even larger impact on the number of surviving microorganisms when the stress factor (i.e., salt) was still present during inactivation. These factors should be considered when stress-integrated predictive models are developed that can be used in the food industry to balance and optimize processing conditions of minimally processed foods.
Bacillus cereus is a widespread, spore-forming pathogen that can be isolated from a range of different food products (4, 27) , including pastry, vegetables and vegetable products, milk and milk products, and ready-to-eat foods. This toxin-producing pathogen can cause diarrhea and emesis (13, 25) . The diarrheal syndrome is caused by several enterotoxins which are produced by vegetative cells in the small intestine. The emetic toxin, cereulide, causes emesis and is produced in foods before ingestion. Adequate chilling of foods is important to control the growth and toxin production of enterotoxin-producing (17) and emetic toxin-producing (7, 18) B. cereus strains.
During processing and storage of mildly processed foods, bacteria are exposed to one or more preservation stresses, known as hurdles (16) . While individual hurdles might not be effective in controlling microbial growth, the right combination of hurdles can be powerful in controlling microbial growth in minimally processed foods. However, the potential of Bacillus to become more resistant to stresses challenges the effectiveness of minimal processing. Several studies have demonstrated that exposure to mild stressing conditions can result in the increased resistance of both mesophilic and psychrotolerant members of the B. cereus group (2, 3, 5, 21, 22) . These studies used optimal culturing temperature during mild stress exposure to investigate the adaptive stress responses. However, during processing, distribution, and storage, the temperature of foods may be lower because chilling is commonly used in the minimal processing food chain. Therefore, investigation of the effect of low incubation temperature on the adaptive stress responses of food-borne bacteria is of great relevance and could provide valuable information for quantitative exposure assessment studies.
In the study described here, three representatives of the B. cereus group (12) , namely, the mesophilic strains B. cereus ATCC 14579 and ATCC 10987 and the psychrotolerant strain Bacillus weihenstephanensis KBAB4, were cultured at 30°C in the absence and presence of mild salt stress, after which their heat resistance was assessed. Moreover, the culturing of cells was also performed at 12°C to determine the effect of a lowered culturing temperature on the adaptive salt stress responses. The third-decimal reduction time estimates were determined to evaluate the effects of the various culturing variables on the heat resistance of the three strains.
MATERIALS AND METHODS
Bacterial strain and culturing conditions. The mesophilic strains B. cereus ATCC 14579 (8, 11) and ATCC 10987 (23) and the psychrotolerant strain B. weihenstephanensis KBAB4 (15) were used throughout this study. The cultures were stored frozen in brain heart infusion (BHI) broth (Becton Dickinson, France) supplemented with 25% (vol/vol) glycerol (Sigma, Netherlands) at Ϫ80°C. The bacteria were cultivated before each experiment in 10 ml BHI broth and incubated overnight at 30°C with shaking at 200 rpm (Innova 4335; New Brunswick Scientific, Netherlands). Afterwards, these cultures were inoculated in Erlenmeyer flasks (250 ml) containing 50 ml fresh BHI broth and incubated at 30°C (Julabo SW22; Julabo Labortechnik, Germany) and at 12°C (Forma orbital shaker 481; Thermo Electron Corporation) with shaking at 200 rpm until the stationary growth phase. The latter temperature was chosen because various isolates of the B. cereus group were unable to grow at 10°C (1) .
Heat inactivation with and without preexposure to salt. To investigate the effect of salt culturing and salt shock on subsequent heat resistance, the following procedure was followed. The stationary-phase cultures, which were precultured at 30°C, were inoculated in Erlenmeyer flasks containing 50 ml fresh BHI broth and BHI broth supplemented with 2.5% (wt/vol) sodium chloride (VWR, Belgium) and were further incubated at 30°C with shaking at 200 rpm, until the cells were exponentially growing (absorbance at 600 nm, 0.4 to 0.5; Novaspec II spectrophotometer; Pharmacia Biotech, United Kingdom). When they reached this optical density, both exponentially growing cultures, which were cultured in the absence of supplementary salt (untreated) or in the presence of supplementary salt (salt cultured), were further incubated for an extra period of 30 min at 30°C with shaking at 200 rpm. The concentration of 2.5% sodium chloride for salinity stressing was chosen because we previously demonstrated that short-term exposure of exponentially growing cells of B. cereus ATCC 14579 and ATCC 10987 to this salt concentration resulted in optimal salt-induced heat resistance for both strains (5) . To expose exponentially growing cells to a salinity upshift for a short time interval rather than being cultured for a long-term interval in the presence of salt, the cells were cultured in BHI broth until the exponential growth phase, after which the BHI broth was supplemented with 2.5% (wt/vol) sodium chloride. These salt-shocked cultures were also incubated for 30 min at 30°C with shaking at 200 rpm. To investigate the effect of a lowered culturing temperature on the adaptive salt stress response, a similar procedure was followed to produce untreated, salt-cultured, and salt-shocked cultures at 12°C. The pH of the untreated, salt-cultured, and salt-shocked cultures of the three strains, grown at 30°C and 12°C, was measured and did not reach values below pH 7.0.
To heat inactivate the cells, the cultures were subsequently added (1:100, vol/vol) to 20 ml BHI broth and BHI broth supplemented with 2.5% (wt/vol) sodium chloride that were preheated to 50°C, 48°C, and 44.5°C for B. cereus ATCC 14579, B. cereus ATCC 10987, and B. weihenstephanensis KBAB4, respectively, and the cells were heat inactivated at the selected lethal temperatures with shaking at 200 rpm (Julabo SW22). Before and after heat exposure, samples were taken and decimal dilutions were made in peptone saline solution (1 g neutralized bacteriological peptone [Oxoid, United Kingdom] supplemented with 8.5 g sodium chloride per liter). The appropriate dilutions were surface plated, in duplicate, on BHI agar plates (BHI broth supplemented with 15 g agar [Oxoid] per liter) using a spiral plater (Eddy Jet; IUL Instruments, Spain). The plates were incubated at 30°C for 16 to 24 h, and the numbers of CFU were expressed in log 10 CFU ml
Ϫ1
. For all experimental conditions, three independent reproductions were performed.
Microbial survival model fitting. Two microbial survival models were fitted to the inactivation data of the three reproductions together for each experimental condition for the three strains using the program TableCurve 2D (Windows, version 2.03).
(i) The first-order model was as follows:
where log 10 N(t) is the log 10 number of microorganisms at time t, log 10 N(0) is the initial log 10 number of microorganisms, and D is the time (in minutes) needed to reduce the number of microorganisms by one decimal.
(ii) The Weibull model was as follows:
where ␦ is the first-decimal reduction time (min) and ␤ is a fitting parameter that defines the shape of the curve. To evaluate the model-fitting performances of the first-order model and the Weibull model, a procedure similar to that described previously was followed (5). The following statistical indices were calculated.
(i) MSE model . The lower the mean square error of the model (MSE model ) is, the better the adequacy of the model to describe the data. It was calculated as follows:
where RSS is the residual sum of squares, DF is the degrees of freedom, n is the number of data points, s is the number of parameters of the model, log 10 N observed i is the observed log 10 number of microorganisms for data point i, and log 10 N fitted i is the fitted log 10 number of microorganisms for data point i.
(ii) MSE data . The lower the mean square error of the data (MSE data , which indicates the measuring error) is, the less variation was observed between the reproductions per experimental condition. It was calculated as follows:
where n is the number of data points, m is the number of sampling time points, k is the number of reproductions at each sampling time point, average log 10 N i is the mean value of the log 10 number of microorganisms at sampling time point i, and log 10 N ij is the log 10 number of microorganisms at sampling time point i for specific reproduction j.
(iii) F test. The F test was used to determine if the fitting performance of the model was statistically acceptable. The f value was calculated by the following equation:
The f value was tested against an F- ). If the f value was smaller than the F-table value, the F test was accepted and this indicated that model parameter ␤ did not significantly improve the description of the inactivation data.
Comparison of model parameters. In order to compare the various conditions, the third-decimal reduction time, which reflected the time needed to reduce the initial number of microorganism by three decimal powers, was estimated for each condition. The third-decimal reduction time could be estimated without extrapolation outside the experimental ranges. For each condition, the selected model (first-order model or Weibull model) was fitted to the three independent reproductions individually, and the average third-decimal reduction time estimate was calculated. Independent t tests (two-sided) were performed to compare the average third-decimal reduction time estimates of the different conditions and to investigate if there were significant effects of short-and long-term salt stress exposure at 30°C and 12°C on subsequent heat resistance (SPSS, version 15.0.1, for Windows).
RESULTS
Effect of salt culturing and salt shock on subsequent heat resistance. The mesophilic strains B. cereus ATCC 14579 and ATCC 10987 and the psychrotolerant strain B. weihenstephanensis KBAB4 were cultured until the exponential growth phase (i) in the absence of salt (untreated), (ii) in the presence of salt (salt cultured), and (iii) with salt shock for 30 min after they reached the exponential growth phase (salt shocked). Subsequently, the heat resistance of the untreated, salt-cultured, and salt-shocked cells was assessed. Figure 1 shows the inactivation kinetics of the cells that were cultured at (Fig. 1a to c) . The heat resistance of both mesophilic strains, B. cereus ATCC 14579 and ATCC 10987, increased when cells were salt cultured at 30°C (Fig. 1d and e) or preexposed to salt for 30 min at 30°C (Fig. 1g and h ) compared to the heat resistance of the untreated cultures of both strains, whereas the effects of salt culturing or salt shock on heat resistance were less pronounced for the psychrotolerant strain, B. weihenstephanensis KBAB4 (Fig. 1f and i) . The addition of salt in the inactivation medium did not increase the heat resistance of cells that were not preexposed to salt (Fig. 1a to c) at 30°C. However, the presence of salt in the inactivation medium had a notable increasing protective effect for the salt-cultured and salt-shocked cells of all the three strains (Fig. 1d to i) .
Effect of culturing temperature on salt-induced heat resistance. To study the effect of a lowered culturing temperature on the adaptive responses to salt stress, cells were also cultured at 12°C in the absence of salt (untreated) and in the presence of salt (salt cultured) or were salt shocked at 12°C for 30 min after they reached the exponential growth phase at 12°C (salt shocked) (Fig. 2) . In contrast to culturing at 30°C, neither of the mesophilic strains showed increased heat resistance when cultured in the presence of salt at 12°C (Fig. 2d and e) or were salt shocked after they reached the exponential growth phase at 12°C (Fig. 2g and h ) compared to the heat resistance of cells that were not preexposed to salt stress before heat inactivation ( Fig. 2a and b) . However, salt culturing (Fig. 2f ) and, to a more limited extent, salt shock at 12°C (Fig. 2i) affected the heat resistance of the psychrotolerant strain, resulting in the increased heat resistance of this strain compared to that after culturing at 12°C without salt stress (Fig. 2c) . The presence of salt in the inactivation medium increased the heat resistance of the untreated, salt-cultured, and salt-shocked cells of B. weihenstephanensis KBAB4 (Fig. 2c, f, and i) .
Because species of the B. cereus group are spore formers, the potential presence of spores was determined in the untreated, salt-cultured, and salt-shocked cultures of the three strains grown at 30°C and 12°C. For that, the cultures were heated for 15 min at 75°C to kill the vegetative cells and to determine the number of spores. The number of spores in all the cultures was below the detection limit of 5 spores per ml, and therefore, spores could not have contributed to the observed inactivation curvature characteristics shown in Fig. 1 and 2 .
Quantification of the effect of culturing temperature on saltinduced heat resistance. In order to select the most appropriate model to quantitatively describe the heat inactivation kinetics of the three strains, the first-order model and the Weibull model were fitted to the replicate inactivation data together for each experimental condition. According to the F test, which statistically evaluated the mean square error of the model fitting compared to the measuring error (mean square error of the data) (equation 5), the fitting performance of the
FIG. 1. Heat inactivation kinetics of Bacillus cereus ATCC 14579 (a, d, and g), Bacillus cereus ATCC 10987 (b, e, and h), and
Bacillus weihenstephanensis KBAB4 (c, f, and i). Cells were cultured at 30°C until the exponential growth phase in the absence of salt (a, b, and c), in the presence of salt (d, e, and f), or with salt shock for 30 min after they reached the exponential growth phase (g, h, and i) and were subsequently exposed to heat in the absence of salt (᭛) and in the presence of salt (‚). Continuous curves, fitting of the selected microbial survival model; black lines, fitting of the Weibull model; gray lines, fitting of the first-order model.
Weibull model was statistically acceptable for all the conditions (12 inactivation data sets per strain). For some experimental conditions, the performances of both the first-order model and the Weibull model were statistically acceptable, according to this F test. For these conditions, an additional F test (equation 6) was performed to evaluate whether the model parameter ␤ of the Weibull model significantly improved the description of the inactivation data compared to that achieved with the first-order model. When the exclusion of model parameter ␤ was statistically acceptable, the model parameter ␤ was fixed equal to 1, resulting in the use of the first-order model to describe these inactivation data sets (10 out of 36 inactivation data sets). Under most of the conditions for which the exclusion of model parameter ␤ was statistically acceptable, the confidence interval of model parameter ␤ of the Weibull model also included 1, confirming an acceptable reduction of model complexity. For one experimental condition, the exclusion of model parameter ␤ of the Weibull model, although it was statistically different from 1, was statistically acceptable according to the F test, indicating that in some boundary cases contradictory results can be obtained. The continuous curves in Fig. 1 and Fig. 2 show the fitting of the selected survival model (first-order model or Weibull model) for each experimental condition.
To quantify and evaluate the overall effects of the various culturing variables on heat resistance, the time to reach a 3-log 10 reduction of the initial population was estimated for each experimental condition. For each experimental condition, the selected survival model was fitted to the individual reproductions, and the average estimate of the third-decimal reduction time was calculated. Figures 3 to 5 show the third-decimal reduction time estimates of the untreated, salt-cultured, and salt-shocked cells cultured at 12°C and 30°C of B. cereus ATCC 14579 (Fig. 3) , B. cereus ATCC 10987 (Fig. 4) , and B. weihenstephanensis KBAB4 (Fig. 5) . The 95% confidence intervals of the third-decimal reduction time estimates clearly visualize the statistical comparison. Cells of the mesophilic strains B. cereus ATCC 14579 and ATCC 10987 that were salt cultured and salt shocked at 30°C were significantly more heat resistant than cells that were cultured at 30°C without salt stress ( Fig. 3 and 4) (P Ͻ 0.05), and the third-decimal reduction time estimates of these salt-cultured and salt-shocked cells were two to five times higher than those of untreated cells. The statistical analyses confirmed that culturing temperature had a significant effect on the adaptive salt stress responses because salt culturing and salt shock did not significantly increase the level of heat resistance when both strains were cultured at 12°C (P Ͼ 0.05). The culturing temperature also significantly affected the adaptive salt stress response of psychrotolerant strain B. weihenstephanensis KBAB4 (Fig. 5) , as salt culturing and salt shock increased the third-decimal reduction time estimates two to five times only when cells of B. weihenstephanensis KBAB4 were cultured at 12°C. The parameter estimates presented in Fig. 3 to 5 can also be used to evaluate the impacts of the various culturing variables on heat resistance and distinguish main variables from side variables. Figures 3 to 5 unambiguously show that for the cultures in which the salt adaptive stress response was significantly activated, the heat resistance significantly increased when salt was also present during the inactivation treatment, resulting in very heat resistant cells for all the three strains. Moreover, although salt culturing and salt shock at 30°C did not significantly increase the heat resistance for B. weihenstephanensis KBAB4, the presence of salt during inactivation of these salt-preexposed cells also resulted in significantly more heat-resistant cells. The third-decimal reduction time estimates of these very heat-resistant cells of B. cereus ATCC 14579, B. cereus ATCC 10987, and B. weihenstephanensis KBAB4 were 5 to 15 times higher than those of cells that were not exposed to salt during culturing and subsequent heat inactivation.
DISCUSSION
For minimally processed foods, various hurdles are combined to control food quality and microbial safety. Quantification of food production and distribution processes contributes to the balance and optimization of the quality and safety of these foods. Previous studies demonstrated that the adaptive stress responses of food-borne pathogens can have a large impact on their resistance (see, e.g., references 2, 3, 5, 14, 22, and 24) and should therefore be addressed in quantitative assessments of the inactivation kinetics of pathogens in the food chain.
Heating is a widely used method for microbial inactivation, and a thorough literature survey showed that classical firstorder inactivation kinetics are the exception rather than the rule (26) . Also in the present study, for most of the conditions tested, the nonlinear Weibull model described the inactivation data significantly more adequately than the first-order model. However, when a reduction of model complexity was statistically acceptable, the first-order model was preferred to describe the inactivation data. This principle of parsimony, meaning that the model with the smallest number of parameters that adequately represents the data is preferred above a more complex model, is a strong model selection criterion. The biological variation influenced the most appropriate model selection because the higher the measuring error is, the simpler a model can be to adequately describe the data, and therefore reproductions of experiments should be performed to evaluate deviations from first-order kinetics are statistically relevant. In this study, the third-decimal reduction times were estimated to evaluate the effects of the various culturing variables on subsequent heat resistance. The third-decimal reduction time is an interpretable model parameter that could be easily recognized in the inactivation curvatures and reflected the time needed to produce a substantial inactivation of the pathogen without extrapolation outside the experimental ranges, and therefore, these estimates were used to evaluate the overall effects of culturing variables and to separate the main culturing variables from side culturing variables. Noteworthy are that the conclusions based on the third-decimal time estimates were rather comparable to those based on the first-decimal reduction time estimates (data not shown), confirming the observed trends.
The adaptive salt stress response depended on the culturing (21) . It was demonstrated that some proteins induced upon heat shock were also induced after salinity upshift, and this could have contributed to the salt-induced cross-protective effects toward heat. Moreover, complementary adaptation mechanisms can be involved, as genes encoding various osmoprotectant transporters were highly upregulated in B. cereus ATCC 14579 in response to increased osmolarity (6) , and it was shown that osmoprotectants (e.g., glycine betaine) can serve as thermoprotectants (10) . The extended use of chilling in the minimally processed food chain underlines the need to also investigate the adaptive stress responses of bacteria at nonoptimal incubation temperatures. As indicated by the limited available data describing the effect of low incubation temperature, the adaptive acid stress response of Listeria monocytogenes was reduced when the stressing temperature decreased (14) . In the present study, we demonstrated that salt-induced thermotolerance was strongly influenced by the incubation temperature. Long-and shortterm exposure to salt stress at 12°C did not significantly increase the heat resistance of either of the mesophilic strains. In contrast, psychrotolerant strain B. weihenstephanensis KBAB4 showed substantially increased heat resistance when cells were exposed to salt stress at 12°C, pointing to the importance of including differences between strains when adaptive stress responses are to be quantified. The impact of an activated salt stress response on heat resistance can be larger when the stress factor is also present in the inactivation medium. The protective effect of salt in the inactivation medium was previously demonstrated for other pathogens, such as Salmonella enterica serovar Typhimurium (19) , and tended to protect spores of B. cereus against heat (20) . This may be explained by the increased stability of proteins (9) . Our study showed that heat inactivation of saltadapted cells in the presence of salt resulted in highly heat resistant cells of B. cereus ATCC 14579, B. cereus ATCC 10987, and B. weihenstephanensis KBAB4, and this can be of relevance for food-processing conditions when mild stress applications are subsequently followed by a heating processing step.
This study showed that culturing temperature and strain diversity are important aspects to address when adaptive stress responses are quantified and need to be considered in evaluations of adaptive stress responses. An activated adaptive response can have an even larger impact on the number of surviving organisms when the stress factor is still present during heat inactivation. These factors should be considered when stress-integrated predictive models are developed in order for the latter to be able to provide reliable predictions of the inactivation kinetics of microorganisms in minimally processed foods.
